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Higgs pair production is one of the primary goals of the LHC program. Investigating the effects
beyond the Standard Model (BSM) is then of high interest. Two cases are presented to exemplify
the impact of BSM physics on Higgs pair production and on the triple Higgs coupling: first a
review on charged Higgs pair production mostly in the context of Two-Higgs-Doublet of type II
and in particular the Minimal Supersymmetric SM, second a study of the one-loop effects of a
heavy neutrino on the triple Higgs coupling.
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1. Introduction
Since the ATLAS and CMS collaborations at the CERN Large Hadron Collider (LHC) dis-
covered in 2012 a particle which properties are compatible with the Standard Model (SM) Higgs
boson hypothesis [1, 2], the detailed study of its properties have started. Run I results at 7-8
TeV do not display any deviations with respect to the SM [3 – 6], as well as the first results of
the Run II at 13 TeV [7 – 9]. The measure of the triple Higgs coupling would allow for a direct
probe of the scalar potential that is directly responsible for the electroweak symmetry breaking
(EWSB) [10 – 14]. This is one of the major goals of the LHC and of the future planned colliders
such as the electron-positron International Linear Collider (ILC) or the Future Circular Collider in
hadron mode (FCC-hh), a potential 100 TeV follow-up of the LHC.
In the past few years there has been numerous studies on the production of Higgs boson pairs,
that is the main production mechanism that allows for the measure of the triple Higgs coupling, see
reviews in Refs. [15 – 17] for the latest theoretical developments in the SM. Beyond-the-SM (BSM)
effects on Higgs pair production have been studied in many different frameworks and in particular
in the Two-Higgs-Doublet-Model (2HDM) (see e.g. Refs. [18 – 20] and the results collected in
Ref. [17]) and in the minimal supersymmetric extension of the SM (MSSM) which is a particular
type of 2HDM in the Higgs sector (see for example Ref. [21]). In 2HDMs there are five Higgs
bosons in the spectrum, and in particular there are two charged Higgs bosons H±, for a review see
Ref. [22]. To allow for the measure of the triple Higgs coupling involving charged Higgs bosons it
is necessary to produce pairs of charged Higgs bosons.
In the following we will give a brief overview of the theoretical predictions for charged Higgs
boson pair production at the LHC. As an other example of BSM effects on the triple Higgs coupling
we will then present in a second part a recent study [23] on the impact of an heavy neutrino on the
one-loop corrected triple Higgs coupling in a simplified model. We stress that the results in the
latter case are quite generic and could be applicable in any model containing heavy fermions that
couple via the neutrino portal.
2. Charged Higgs boson pair production at the LHC
The Higgs sector of a 2HDM contains two Higgs doublets leading to 5 Higgs bosons in the
spectrum, two of which are the charged Higgs bosons H±. In a type I 2HDM only one of the
Higgs doublets couples to all fermions while in a type II 2HDM one doublet couples to up-type
quarks and the second doublet couples to down-type quarks and charged leptons. In the MSSM,
the Higgs sector is a type II 2HDM and can be parameterised by two parameters, the ratio of the
two vacuum expectation values tanβ = v2/v1 and the mass of the pseudo-scalar Higgs boson MA.
More parameters are required in a general 2HDM. For a recent review on the prospects for charged
Higgs bosons searches at the LHC see Ref. [24].
The constraints on the charged Higgs bosons come from precision measurements as well as
from direct searches at LEP, the Tevatron and the LHC. The former are the most stringent limits
on the charged Higgs boson mass, especially in a type II 2HDM. The global fit [25] including
all flavour observables was updated in 2015 especially for the B→ Xsγ observable and gives a
lower limit of MH± ≥ 493 GeV [26], when including higher-order corrections in BR(B→ Xsγ)
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Figure 1: Generic LO Feynman diagrams for the main production channels of charged Higgs boson pair
production: Drell-Yan (upper left), bottom quark fusion (upper right), gluon fusion (lower left) and VBF
(lower right).
prediction [27]. A type I 2HDM escapes this flavour limit and the limits are much weaker, mainly
coming from direct searches at LEP, with MH± & 72.5 GeV, while the limit for a type II 2HDM
is MH± & 80 GeV [28]. The Tevatron searches [29] are now superseeded by the LHC results. For
example LHC Run I data excludes charged Higgs boson masses of MH± < 140 GeV in the MSSM
with an mmod−h scenario [30, 31]. The first Run II results at 13 TeV have improved the direct limits
in the high-mass range, see Refs. [32 – 34].
There are three main classes of charged Higgs boson pair production at the LHC. The dominant
channel at low tanβ . 30 is Drell-Yan production, including the bottom-quark initiated channel
bb¯→ H+H−, then gluon fusion which is dominant at high tanβ & 50 and finally vector boson fu-
sion (VBF) which is usually the second production channel. Generic leading order (LO) Feynman
diagrams are depicted in Fig. 1. The cross section are generically small as exemplified in Fig. 2
for Drell-Yan production (including bottom-quark fusion) and gluon fusion at next-to-leading or-
der (NLO) in QCD, at different values of tanβ . This means that high luminosity is required to
observe the possible production of a pair of charged Higgs bosons, except in the case of resonant
production, that could lead to a sizeable enhancement, see below for a discussion of this possibility
especially in a type I 2HDM.
2.1 Drell-Yan and bb¯ production
The Drell-Yan process qq¯→H+H− provides the largest production channel at low tanβ . 30.
The LO cross section was calculated in the 1980s [36 – 38], then reproduced and studied later in
the 2000s [39, 40]. The NLO QCD corrections induce a +27%(+17%) increase at 14 TeV for
2
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Figure 2: NLO QCD production cross sections (in fb) of pp→ H+H− in the Drell-Yan channel (labelled
as qq), the bottom-quark fusion channel (labelled as bb) and in the gluon fusion channel (labelled as gg) as
a function of the charged Higgs boson mass mH (in GeV). Four different values of tanβ are investigated.
Taken from Ref. [35].
MH± = 160(500) GeV, with σ = 58(0.23) fb [35, 41]. The cross section has no dependence on
tanβ . The scale uncertainty is of order ±25%. The supersymmetric (SUSY) QCD corrections
have been calculated in Ref. [41] and are negligible.
The study of the additional bottom-quark fusion subprocess started in the 2000s. The bb¯
process suffers from an ambiguity: b–quarks in the proton come from a gluon splitting and the
process could be viewed either as a direct bottom-quark fusion production [39, 42] or as H+H−
production in association with b-jets, gg→ H+H−bb¯ [42, 43]. It was found at first that direct
production was one order of magnitude larger. This was related to the key issue of defining the
right factorisation scale µF as log(µF/mb) terms that are resummed in the b–parton picture could
overestimate the cross section if µF were too big.
The calculation of the NLO QCD corrections [35, 44] solved the issue and confirmed that the
correct choice is µF =
1
2
MH± . The QCD corrections add ∼+55% to the total cross section in the
2HDM and the scale uncertainty is of order ±25% [35]. The cross section is dependent on tanβ .
In the MSSM the SUSY-QCD corrections are dominated by negative resummed ∆b-terms in the
bottom quark Yukawa coupling and depend strongly on the MSSM spectrum [35, 44].
2.2 The vector boson fusion channel
The VBF channel is usually the second most important production channel at the LHC. The
first approximate calculation was done in the 1980s for the 40 TeV Superconducting Super Col-
lider [45]. The LO full calculation in the MSSM for the LHC was completed in 2001 for the total
cross section as well as for the differential distributions [42], but has to be taken with care as it
3
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uses an explicit quark mass in the MeV range to regularize the collinear singularities due to pho-
ton exchange, that is not consistent with the parton picture in QCD. The cross section displays no
dependence on tanβ as exemplified in Fig. 3 (left).
The LO cross section was recalculated for a general 2HDM (of any type) and analysed in
Ref. [40]. It was shown that resonant effects in the s–channel due to heavy Higgs bosons are
possible and could enhance the cross section up to the picobarn level, see Fig. 3 (right). The NLO
QCD corrections are still unknown.
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Figure 3: Left: The Drell-Yan, VBF and gluon fusion H+H− production cross section at the 14 TeV LHC
(in fb) as a function of the charged Higgs boson mass MH± (in GeV) in the MSSM with a SUSY scale of 1
TeV, for different values of tanβ . Taken from Ref. [42]. Right: The VBF H+H− production cross section
(in pb) as a function of the heavy CP-even Higgs boson mass mH (in GeV) in a 2HDM for different values
of tanβ and fixed values for mh,mH± and mA, complying with all known constraints on the model. Taken
from Ref. [40].
2.3 The gluon fusion channel
We finish this review of the main production channels with the one-loop initiated gluon fusion
production that is known at LO. This is the dominant channel for tanβ & 50 and could feature
resonant effects. The earliest calculations can be traced back to the 1980s, with 2HDM approximate
calculations including only the triangle quark loop [46]. This was followed by the exact calculation
of the triangle quark loop, accompanied by the box loop in the heavy quark limit in the 2HDM of
type I and II [47]. The calculation in the MSSM with loops of heavy squarks was completed at the
sime time [48].
The process was studied again at the end of the 1990s and after the completion of the full
exact quark contributions [49, 50] (the first calculation being wrong and corrected by the second
calculation) the full calculation in the MSSM and in 2HDMs was completed by different groups at
nearly the same time [39, 51, 52] and later including CP violating effects [53]. The matching with
parton shower has been available since 2015 [54].
The squark loops lead to a large enhancement of the total cross section [52] as exemplified in
Fig. 4 (left). Depending on the MSSM parameters, the cross section can reach 200 fb at high tanβ .
The scale uncertainty is estimated to be of order ±50% [35]. In a 2HDM (in particular of type I)
resonant effects are possible and lead to pb cross sections as studied in Ref. [40] and exemplified in
Fig. 4 (right). This makes this channel a very good probe of the hH±H− and HH±H− couplings.
4
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Figure 3: Variation of the hadronic cross section (solid lines) with the mass of the charged
Higgs particle for three values of tan β (6/1.5/50) and a squark mass scale of Msquark =
200GeV. Additionally the contribution of only the quark loops to the cross section is
depicted (dashed lines), which corresponds to the limit of large squark masses.
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Figure 4: Left: The gluo fusion production cross section pp→H+H− at the 14 TeV LHC as a function of
the charged Higgs boson mass mH± (in GeV). Left: Cross sections (in fb) in the MSSM for different tanβ
values, with the quark contributions only (in dashed) and with the full contributions including squark loops
(in solid). Taken from Ref. [52]. Right: Cross sections (in pb) in a 2HDM with resonant effects for different
values of tanβ and of the heavy CP-even Higgs boson mass mH , complying with all known constraints on
the model. Taken from Ref. [40].
3. Heavy neutrino impact on the triple Higgs coupling
Since the Super-Kamiokande experiment in 1998 it is now experimentally established that the
neutrino flavours oscillate [55]. This calls for a BSM explanation as it implies that neutrinos are not
massless. One of the simplest possibilities to explain neutrino masses is to add new fermionic heavy
gauge singlets that play the role of right-handed neutrinos in a seesaw mechanism, see Ref. [56]
for a review on low-scale seesaw phenomenology at colliders.
We present a study of the impact of these new heavy neutrinos on the triple Higgs coupling
by considering a simplified 3+1 model where the SM is minimally modified to account for 3 light
massive Dirac neutrinos and one heavy sterile Dirac neutrino. We recall that the experimental
prospects we take for the sensitivity to λHHH are the following: ∼ 35% at the high-luminosity LHC
when combining the ∼ 50% sensitivity taken from Ref. [57]; ∼ 10% at the ILC at 1 TeV with 5
ab−1 [58]; and finally ∼ 5% sensitivity at the FCC-hh when combining the ∼ 8% per experiment
with 3 ab−1 taken from Ref. [59].
3.1 The simplified model and its constraints
To illustrate the impact of a new, TeV scale fermion we use a simplified model with 3 light
active and one heavy sterile neutrinos ni, parametrized by the masses mi and the active-sterile
mixing matrix B jk, i,k = 1 . . .4 and j = 1 . . .3. The Lagrangian contains the following neutrino
interactions,
Ln =− g2√
2
¯`
iγ
µW−µ Bi jPLn j+h.c.
− g2
2cosθW
n¯iγ
µZµ(B
†B)i jPLn j−
g2
2MW
n¯iH(B
†B)i j
(
mniPL+mn jPR
)
n j. (3.1)
The active-sterile mixing matrix B is build from the PMNS matrix [60, 61] extended to 4 neutrinos
with no CP violation in the neutrino sector.
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The new heavy neutrino generates new triangle one-loop contributions for the triple Higgs
coupling λHHH and lead to modifications in the Higgs and weak bosons self-energies. Amongst
the experimental constraints that are applicable to the model, electroweak precision observables
(EWPO) are the strongest [62, 63]. Constraints coming from neutrinoless β -decay do not apply
and flavour violating Higgs decays are less constraining than EWPO. We are lead to the following
constraints on the active-sterile mixing matrix,
Be4 ≤ 0.041, Bµ4 ≤ 0.030, Bτ4 ≤ 0.087. (3.2)
We also apply theoretical constraints on the perturbativity of the triple Higgs coupling as well as
on the width of the heavy neutrino,(g2mn4
2MW
max
∣∣(B†B)i4∣∣)3 < 16pi(2pi), Γn4 ≤ 0.06mn4 . (3.3)
2pi stands for a tighter perturbativity bound roughly equivalent to a two-loop analysis carried in the
SM.
3.2 Numerical results
To illustrate the impact of the heavy neutrino in our simplified model we display in Fig. 5 (left)
the dependence of the full one-loop corrections (including the SM contributions) on the momentum
q∗H of the off-shell Higgs splitting in two on-shell Higgs bosons H(q
∗
H)→ HH, for different heavy
neutrino mass values mn4 . We assume the maximal allowed value for Bτ4 = 0.087 while Be4 =
Bµ4 = 0. Similar plots are obtained for the other maximally allowed mixings. mn4 = 2.7 TeV
corresponds to the choice of a neutrino Yukawa coupling equal to the top quark Yukawa coupling,
mn4 = 7 TeV is the maximal mass allowed by the tight perturbativity bound while mn4 = 9 TeV is
the maximal value allowed by the width bound. The largest positive one-loop correction is obtained
at q∗H ' 500 GeV and becomes smaller for a heavier neutrino (eventually going negative). At large
q∗H ' 2.5 TeV the largest negative one-loop correction is obtained and the heavier the neutrino is,
the larger the correction becomes.
In Fig. 5 (right) we display the contour map of the genuine correction ∆BSM (in percent) due
to the heavy neutrino, in the plane (mn4 , |Bτ4|2). The off-shell Higgs boson momentum is fixed to
q∗H = 2.5 TeV. The red line displays the tight perturbativity bound. We obtain corrections as large
as ∼ +30% when taking into account the experimental and theoretical constraints, at the limit of
the high-luminosity LHC and clearly visible at the ILC or at the FCC-hh. Again a similar behaviour
can be obtained for the active-sterile mixings Be4 and Bµ4.
4. Outlook
The production of a Higgs boson pair is one of the main goals of the high-luminosity run of the
LHC and of the future colliders, in order to ultimately measure the triple Higgs coupling. Assessing
the effects of BSM models on the Higgs sector and in particular on the triple Higgs coupling is thus
an essential task.
As an illustrative example of such studies we have presented in a first part a review of the
current status for charged Higgs pair production at the LHC in the 2HDM and the MSSM, focusing
6
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Figure 5: Left: One-loop corrections to λHHH (in %) as a function of the off-shell Higgs momentum q∗H (in
GeV) of the splitting H(q∗H)→ HH, with the neutrino parameter Bτ4 = 0.087. Right: Contour map of the
neutrino corrections ∆BSM (in %) as a function of the two neutrino parameters mn4 (in GeV) and |Bτ4|
2 at a
fixed q∗H = 2.5 TeV. Both figures are taken from Ref. [23].
on the main production channels: Drell-Yan production including bottom-quark effects in the initial
state, vector boson fusion and gluon fusion. While the dominant channel at low tanβ , Drell-Yan
production, is known at NLO in (SUSY-) QCD, vector boson and gluon fusions are only known at
LO. Precision may be improved in particular in the vector boson fusion channel.
We have presented in a second part the BSM effect induced by a heavy neutrino on the triple
Higgs coupling. Using a simplified model with one heavy neutrino, effects as large as +30% can
be found, that are clearly measurable at future colliders. The triple Higgs coupling is thus a new
observable for neutrino physics that could be used to probe neutrino mass regimes hard to access
otherwise and would constraint the active-sterile mixing.
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